INTRODUCTION
5-Formyltetrahydrofolate cycloligase, EC 6.3.3.2 (5-FCL) 1 4 plant tissues (16, 17) . Moreover, 5-CHO-H 4 PteGlu n makes up 50% of the mitochondrial folate pool in pea leaves (17), which is much more than in mammalian mitochondria (18) (19) (20) . The high 5-CHO-H 4 PteGlu n content of leaves and their mitochondria is of special interest given the massive SHMT-mediated glycine ! serine fluxes that occur during photorespiration in leaf mitochondria (11) because SHMT could, in these conditions, both form 5-CHO-H 4 PteGlu n and be inhibited by it. Plant mitochondrial SHMT has not, however, been tested for sensitivity to 5-CHO-H 4 PteGlu n (9). 5-CHO-H 4 PteGlu n is abundant in some dormant organs, comprising 70% of total folates in soybean seeds (21) and 85% in Neurospora crassa spores (22), and is metabolized rapidly during germination (22) . These data suggest a role as a storage form of folate (1) .
Given the evidence that 5-CHO-H 4 PteGlu n is a major folate in plants and their mitochondria, we set out to find whether plants have 5-FCL and, if so, where it is in the cell. Here, we describe the cloning and initial characterization of 5-FCL from Arabidopsis and tomato, and demonstrate that the enzyme is located in mitochondria. We further show that plant mitochondrial SHMT, like SHMTs in other organisms, is inhibited by physiological concentrations of 5-CHO-H 4 PteGlu n . ward-Met2) and the 3'-reverse primer above, digested with XhoI, and ligated between the XhoI site and the T4 DNA polymerase-infilled NcoI site of pET28b, to give plasmid At5-FCLn. To add a C-terminal hexahistidine tag, the BE038212 cDNA was amplified using the forward-Met2 primer and the reverse primer 5'-GTACCTCGAGCATGCTCTCGGTAGC-3', digested with NdeI and XhoI, and cloned into the corresponding sites of At5-FCLn. For tomato, a full-length cDNA was amplified using the primers 5'-CCTTTTTCATGACCATTCCTTGGGCAGT-3' (forward) and 5'-CCGCTCGAGTCACTGGCAAAACTCCAGC-3' (reverse), and a cDNA starting at the second methionine codon was amplified using the same reverse primer and the forward primer 5'-CCTTTTTCATGAGCACCGCCGGAGAACA-3'. Both tomato cDNAs were digested with BspHI and XhoI, and cloned into the matching sites of pET28b. This strategy changed the second residue of the full length polypeptide from alanine to threonine. Constructs were electroporated into Escherichia coli DH10B cells and verified by sequencing. Sequences were aligned using Clustal W 1.7 (25). Homology searches were made using BLAST programs (26).
EXPERIMENTAL PROCEDURES

Chemicals and Reagents-(6R,6S)-5-CHO-H
cDNA Expression in E. coli-For protein expression, the above pET28b constructs were electroporated into E. coli BL21 (DE3) cells or, for the histidine-tagged Arabidopsis protein, into BL21-CodonPlus™ (DE3) (Stratagene) cells. Cultures were grown at 37°C in LB medium containing 100 µg/ml kanamycin. When A 600 reached 0.6−1, isopropyl-D-thiogalactopyranoside was added to a final concentration of 1 mM, and incubation was continued for 3-4 h at 25°C.
cDNA Expression in Yeast-An Arabidopsis cDNA starting at the second methionine codon was amplified as above using the primers 5'-CGGGATCCATGAGCACCACCAGCAAA-3' (forward) and 5'-TCACATGCTCTCGGTAGC-3' (reverse), and ligated between the BamHI and PvuII sites of pVT103-U. The sequence-verified construct was introduced into yeast strain WHY1.3.1 as 7 described (27). After initial selection for uracil prototrophy, colonies were inoculated into appropriately supplemented liquid YMD medium and growth rate was monitored at A 600 .
Protein Isolation, Molecular Mass Determination, and Antibodies-E. coli cells from a 50-ml culture were harvested by centrifugation and resuspended in 1 ml of 100 mM Hepes-KOH, pH 7.5, containing 1 mM DTT and 10% glycerol (buffer A). Subsequent operations were at 0−4°C.
The resuspended cells were broken by agitation in a Mini-BeadBeater (Biospec Products, Bartlesville, OK) using 0.1-mm zirconia/silica beads. The beads were washed with 1 ml of buffer A, and the pooled extract plus wash was cleared by centrifugation (16,000 x g, 20 min) and desalted on a PD-10 column (Amersham Pharmacia Biotech) equilibrated in buffer A. Extracts were frozen in liquid N 2 and stored at −80°C; this did not affect 5-FCL activity. Protein was determined by Bradford's method (28) using bovine serum albumin as standard. Native molecular mass was estimated using a Waters 626 high performance liquid chromatography system equipped with a 
Preparation of Subcellular Fractions-Pea and cauliflower mitochondria and pea chloroplasts
were isolated and purified on Percoll gradients as described (34, 35), resuspended in 10 mM Kphosphate, pH 7.5, containing 1 mM serine, 5 mM β-mercaptoethanol, 1 mM EGTA, and 20 µM pyridoxal 5'-phosphate, and broken by 4-5 cycles of freezing and thawing. Organellar extracts were cleared by centrifugation (15 min, 16,000 x g). A cytosolic fraction was prepared from pea leaf protoplasts as described (36). The chloroplast stromal marker NADP-linked glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the mitochondrial matrix marker fumarase were ass-9 ayed as described (37); fumarase was inactivated by freezing in liquid N 2 and so was assayed in fresh samples. Other activities were measured after freezing in liquid N 2 and storing at −80°C.
Protein and Immunoblot Analyses-Proteins were precipitated with 10% trichloroacetic acid, resuspended in 2x Laemmli buffer at 10 µg/µl, and separated by SDS-PAGE on 12.5% gels. Electrophoresis and immunoblotting procedures were as described (38) The labeled product was extracted with 1 ml toluene and a 0.8-ml aliquot was taken for scintillation counting. Data were corrected for recovery of [ 14 C]formaldehyde spikes, which was >85%.
RESULTS
Genomics-based Cloning of 5-FCL cDNAs from Arabidopsis and Tomato-BLAST searches of
the Arabidopsis database using the protein sequence of human 5-FCL detected a single gene (At5g13050) encoding a putative 5-FCL polypeptide, and three cognate ESTs. Sequencing of the longest EST (Genbank™ BE038212) showed that it lacks the first 87 nucleotides of the coding sequence. The missing region was cloned by 5'-RACE, and the full-length coding sequence was reconstituted by overlap extension PCR. Southern analysis using the BE038212 cDNA as probe confirmed that there is only one copy of the 5-FCL gene in the Arabidopsis genome (not shown).
BLAST searches of plant EST databases using the Arabidopsis protein sequence detected a single tomato contig (comprising eleven ESTs) encoding a 5-FCL homolog, and >50 similar ESTs from other plants (six dicots, four monocots, a gymnosperm, and a moss). That the tomato ESTs all belong to one contig indicates that tomato, like Arabidopsis, has only one 5-FCL gene. The longest tomato EST (AW650167) was sequenced and shown to encode a full-length polypeptide.
The deduced Arabidopsis and tomato proteins share 23-29% identity with human, yeast, and bacterial 5-FCLs, but are distinct in having N-terminal extensions of at least 40 residues (Fig. 1A) .
These presequences have the features of mitochondrial targeting peptides (40) and appear to be general in plants because similar extensions are specified by ESTs from other dicots and monocots. Despite their mitochondrial-type presequences, plant 5-FCLs cluster phylogenetically with fungal and animal 5-FCLs, which are known or presumed to be cytosolic, and not with prokaryotic 5-FCLs -including that of Rickettsia, the closest living relative of mitochondria (41) (Fig.   1B ). Plant 5-FCLs therefore presumably share a common ancestor with other eukaryotic 5-FCLs.
Complementation of a Yeast ∆fau1 Mutant by Arabidopsis 5-FCL-Disruption of the yeast 5-
FCL gene (FAU1) in a strain in which the purine synthesis genes ADE16 and ADE17 are also disrupted results in a methionine deficiency that reduces the growth rate two-to three-fold (4).
The triple mutant ∆ade16 ∆ade17 ∆fau1 was accordingly used as the host for functional complementation tests with an Arabidopsis 5-FCL engineered to remove the putative targeting peptide (Fig. 1A) . This construct decreased the doubling time almost as effectively as the native FAU1 gene ( Fig. 2A) , indicating that the protein shorn of its N-terminal extension has 5-FCL activity.
Expression of Arabidopsis and Tomato 5-FCLs in E. coli-Full-length 5-FCLs from Arabidopsis
and tomato were expressed in E. coli, together with versions engineered to remove the putative targeting peptide (Fig. 1A) . High 5-FCL activity (up to 3 µmol min For both Arabidopsis and tomato, the truncated enzyme construct gave higher 5-FCL activity than the full-length one (Fig. 2B) . SDS-PAGE analysis of the cell extracts showed that this difference was due largely if not solely to greater expression of the truncated proteins, AtFCL-n and LeFCL-n (Fig. 2C) . The estimated molecular masses of AtFCL-n and LeFCL-n were 31 kDa (Fig. 2C) , which is ~4 kDa greater than the masses predicted from their sequences. Similar discrepancies have been reported for mammalian 5-FCLs (2, 7).
The activity given by the full-length constructs (Fig. 2B) was at first sight intriguing as it suggested that plant FCLs do not need to have their presequences removed in order to be enzymatically active. However, immunoblot analysis of E. coli extracts expressing the full-length Arabidopsis protein revealed two bands (33 and 31 kDa), of which the latter was stronger and migrated with AtFCL-n (Fig. 3A) . Moreover, by quantifying the 5-FCL protein bands and calculating specific activities, we found that the specific activity of the full-length construct, when based on the amount of 31-kDa protein, was near that of AtFCL-n (Fig. 3B) . The activity given by the fulllength construct is therefore most likely due to production of a truncated protein in E. coli cells.
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This truncated product was not further investigated, but may have come from adventitious translation initiation at the second methionine codon (Fig. 1A) , i.e., at the same methionine as the engineered truncated protein AtFCL-n.
Characterization of AtFCL-n-Genomic evidence, studies of the recombinant enzyme (above), and immunoblot analysis of the protein expressed in planta (below) all indicate that the physiologically relevant form of 5-FCL has no N-terminal extension. The truncated Arabidopsis protein AtFCL-n was therefore used to measure K m values, pH dependence, and native molecular mass.
Kinetic constants were determined with histidine-tagged AtFCL-n purified to near-homogeneity by Ni 2+ chelate affinity chromatography (Fig. 4) . Preliminary experiments with crude E. coli extracts using 5-CHO-H 4 PteGlu 1 as substrate established that the tag does not affect the kinetic properties of AtFCL-n. The K m values for all substrates tested (Table I) fall within the range reported for the mammalian, yeast, and Lactobacillus casei enzymes (4, 5, 30, 42, 43) . Like other 5-FCLs, AtFCL-n prefers the penta-to the monoglutamyl form of 5-CHO-H 4 PteGlu n , and is specific for the 6S isomer since activity with the 6R form was <5% of that with 6S, and the K m for the 6S form was about half that for the 6R,6S racemate (Table I ). The turnover number (k cat ) of AtFCL-n with 5-CHO-H 4 PteGlu 1 as substrate can be estimated from the data of Table I as ~320 min -1 . This is about three-fold lower than the k cat of human 5-FCL (1000 min -1 , the highest reported) and about four-fold higher than that of L. casei (the lowest) (5, 30). AtFCL-n activity rose steadily between pH 5.5 and 9 (Fig. 3C ). This contrasts with mammalian 5-FCLs, which show optima at pH 6.5 or below (30, 32).
The molecular mass of native AtFCL-n was estimated by size exclusion chromatography. The enzyme activity migrated as a symmetrical peak with an apparent mass of 27 kDa, which coin- 
Localization of 5-FCL in Plant
Mitochondria-The molecular mass and subcellular localization of plant 5-FCLs were investigated by cell fractionation in conjunction with immunoblotting and enzyme assays. Since the recovery of intact organelles from Arabidopsis was not efficient, pea leaves, pea roots, and cauliflower florets were used instead. These tissues are well suited for recovery of intact organelles (34-36), and cauliflower is closely related to Arabidopsis, whose 5-FCL was used to raise antibodies.
Fractionation of pea leaf cells showed that 5-FCL activity was high only in mitochondria (Fig.   5A ). The low 5-FCL activities in cytosol and chloroplast fractions were within the range likely to be caused by cross-contamination by mitochondrial proteins, as shown by the distribution of the fumarase marker (Fig. 5A ). These data indicate that 5-FCL is a mitochondrial enzyme in pea leaf cells, and that if other compartments have any activity, it does not exceed a few percent of the total. Consistent with a mitochondrial location, purified mitochondria from cauliflower florets and pea roots also showed 5-FCL activity, but the root activity was low (Fig. 5A ).
The matrix of purified cauliflower mitochondria contained a polypeptide that cross-reacted strongly with antibodies to Arabidopsis 5-FCL and migrated with the truncated recombinant protein AtFCL-n (Fig. 5B) . This result indicates that the ~40-residue presequence has -as expectedbeen removed from the mature mitochondrial polypeptide. (Fig. 6 ). This inhibition is likely to be physiologically relevant because 5-CHO-H 4 PteGlu n concentrations in pea leaf mitochondria can be estimated to be 250-500 µM (17, 44), and penta-and tetraglutamyl forms predominate (45).
Inhibition of SHMT from Pea Leaf Mitochondria by 5-CHO-H 4 PteGlu
DISCUSSION
The work presented here demonstrates that plants have 5 Dashes are gaps introduced to maximize alignment. The triangle marks the methionines in the Arabidopsis and tomato sequences that are the first residues in the truncated recombinant proteins AtFCL-n and LeFCL-n. B, Molecular phylogenetic tree of plant, animal, fungal, and bacterial 5-FCL protein sequences; the circled zone demarcates the eukaryotic sequences. The tree was constructed using Phylip algorithms at the Institut Pasteur server (http://bioweb.pasteur.fr).
Sequences were processed using protpars, and a consensus tree was calculated using consense.
Bootstrap analysis was performed on 1000 replicates, with the Chlamydophila sequence as outgroup. Values by each branch are the number of times that the partition of the sequences into the two sets that are separated by that branch occurred among the trees. 
FIG. 2. Evidence that
